The most active carboxylating enzyme in cell-free extracts of Neocosmospora vasinfecta was identified as pyruvate carboxylase (EC 6.4. I . I) on the basis of its substrate specificity, biotin dependence and cofactor requirements. Following 48 h. growth on acetate as sole carbon source, the specific activity of the extracted enzyme was 1.4 to 3 times greater than when the organism was maintained on glucose. Bicarbonate fixation in vivo was considerably reduced in the acetategrown mycelium, but was enhanced when ethyl pyruvate was supplied. The mycelial pyruvic acid content was almost an order of magnitude lower in acetategrown mycelium than in glucose-grown. These results indicate that bicarbonate fixation in acetate-grown mycelium may be limited by the availability of pyruvic acid.
I N T R O D U C T I O N
Sustained fixation of bicarbonate (or other species derived from dissolved C 0 2 ) by Neocosmospora vasinfecta E. F. Smith, occurs only under conditions supporting net protein synthesis, with soluble and protein amino acids being the main destination of bicarbonate carbon (Budd, 1969) . Bicarbonate fixation may therefore be essential for growth in Neocosmospora, but no information was obtained on the cellular enzymes from this organism which might be responsible for this fixation in vivo. The present paper provides evidence of this kind obtained with crude extracts of Neocosmospora. Comparison of the carboxylating activity observed in vitro with in vivo fixation rates has also permitted a test for the suggestion (Budd, 1969) that the carboxylating enzyme(s) may be repressed during growth on acetate as sole carbon source.
METHODS
Organism and method of growth on glucose or acetate as sole carbon source were as previously described (Budd, 1969) .
Preparation of fungal extracts
Mycelium was harvested by filtration, thoroughly washed by resuspension in deionized water, and again filtered to form a firm cake. Extracts were either prepared at once or, more commonly, the cake was wrapped in a plastic bag and plunged into liquid nitrogen. The cake was then kept in the plastic bag at -I 8" and extracts prepared within 96 h. The mycelial cake was transferred to a mortar previously chilled to -18" and pulverized with an equal weight of washed glass powder (200 mesh; Fisher Scientific Co., Fair Lawn, New Jersey, U.S.A.). The mixture was ground with successive small additions of buffer (see below) until about 15 ml. bufferlg. cake had been added. Grinding was continued until the mortar's contents thawed; these were then centrifuged at IO,OOO g for 20 min. at 5O, and the supernatant was decanted and used at once for assay of carboxylating activity. Release of soluble protein by this method was about 200 pg. protein/mg. mycelial dry matter.
The buffer was IOO mM-tris-HC1 at pH 8.1 plus I O -~ M-ethylenediamine tetraacetic acid and I O -~ M-M~SO,. 7H20. Immediately before use I O -~ M-dithiothreitol was incorporated. Where the carboxylating activity of particles sedimenting at 10,000 g was determined, the buffer was supplemented with 0.4 M-mannitol. After grinding, large particulate matter was removed at 5008 for 5 min. at 5 O and the supernatant was then centrifuged as above. The pellet was resuspended in buffer.
Assay of carboxylating activity
This was based on the incorporation of radioactivity from [H14C03]-into acid-stable form. Na, 14C03 or NaH 14C03 was diluted just before use to a specific activity between 0.5 and 1-5 mCi/mmole. Precautions were taken to exclude CO, from all reagent solutions, but this was judged to be impossible in the case of the mycelial extract, which was found (by acidifying and collecting the C 0 2 as BaCO,) to be approximately 2 mM with respect to dissolved species derived from CO,. The reduction in specific activity of radioactive bicarbonate due to this C02 would be approximately 8 yo. No correction for this has been made in calculating carboxylating activity, and all values are therefore minimal estimates.
The standard assay mixture contained, in a total volume of 0.40 ml: KC1, 25.0 pmoles; MgSO,, 2-85 pmoles; disodium ATP, 2.0 pmoles; potassium pyruvate, 4.0 pmoles; acetyl coenzyme A (trilithium salt), 0.5 pmoles ; ethylenediamine tetraacetic acid, 0.035 pmoles ; tris, 35.0 pmoles; dithiothreitol, 0.35 pmoles; Na214C03, 1-25 pmoles (added at zero time); extract protein in the range 80 to 200 pg. ; final pH, 8-0 to 8.1. Incubation was for 10 min. at 25' and was terminated by adding 0.40 ml. N-HCl and mixing. A trace of octan-2-01 as antifoam was added, and residual C 0 2 was removed with a stream of C0,-free air for 10 min. A portion of the acidified extract was counted using a Packard 'Tri-Carb' model 3001 liquid scintillation spectrometer with the second solution of Bruno &Christian (1961) as liquid fluor.
In some experiments, a coupling system designed to trap radioactivity entering oxaloacetate was added to the standard assay mixture. This consisted of 0.125 pmole NADH plus sufficient malic dehydrogenase to convert oxaloacetate to malate at the rate of 280 nmoles/h. (cf. Utter & Keech, 1963) .
Protein content of the extract was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) using bovine serum albumin as standard.
Identijication of reaction products
These were examined using 4.0 ml. of the standard assay mixture. For stable radioactive products, the reaction was stopped after 10 min. by adding 1-0 ml. 88 % (w/v) formic acid and mixing. Unchanged CO, and formic acid were removed in vacuo at 35" and the residue was extracted with water. Separation of the extracted solutes into neutral, basic and acidic components was effected using Dowex 50W-X8 (H+) and Dowex I-XIO (formate) ion exchange resins, with complete recovery of the radioactivity applied to the resins. The acidic components were chromatographed on Whatman no. 4 paper using butan-1-01 + 88 yo (w/v) formic acid +water (10 : 2 : I 5, by vol.) and 2-ethoxyethanol + NH40H (sp. gr. 0.88) + water (80: 5 : 15, by vol.) as solvents.
To isolate radioactive keto acids, the reaction was stopped by the addition of 0.2% 2,4-dinitrophenylhydrazine in 5 N-H,SO,. The keto-acid 2,4-dinitrophenylhydrazones were extracted as described by Isherwood & Niavis (1956) Bicarbonate fixat ion in Neo cosmospora I01 3 MM paper using butan-1-ol+ethanol+o*5 N-NH,OH (7: I : 2, by vol.) until the a-ketoglutarate and oxaloacetate derivatives were visibly separated.
Developed chromatograms were cut into narrow strips parallel to the baseline and the strips were counted by liquid scintillation spectrometry as above. The positions of radioactive zones were compared to those of known organic acids or keto-acid 2,4-dinitrophenylhydrazones run on the same chromatograms.
Estimation of mycelial a-keto acids
These were extracted from freshly harvested, washed mycelium by the cold-acid procedure of Isherwood & Niavis (I 956) and chromatographed as the 2,4-dinitrophenylhydazones as described above. The derivatives were estimated by the spectrophotometric method of McArdle (I 957), with reference to authentic dinitrophenylhydrazones prepared and recrystallized in the laboratory. The results are corrected for the loss of 19% of the pyruvate 2,4-dinitrophenylhydrazone during chromatography and elution from the paper.
In vivo fixation of bicarbonate (Budd, I 969) . This was measured by the techniques and under the conditions previously described
Chemicals
Na, 14C03 and NaH l4Co3 were obtained through Amersham-Searle Corporation, Canada. Tris (tris (hydroxymethyl) aminomethane, 3 x crystallized), dithiothreitol, ATP (disodium salt), ADP (sodium salt), phosphoenol-pyruvate (PEP) (cyclohexylammonium salt), avidin and potassium pyruvate were purchased from Nutritional Biochemicals Corporation, Cleveland, Ohio, U.S.A.; coenzyme A and acetyl-coenzyme A from the above or from P-L Biochemicals Inc., Milwaukee, Wisconsin, U.S.A. ; D-biotin, NADH, malic dehydrogenase and bovine serum albumin from Sigma Chemical Co., St Louis, Missouri, U.S.A. ; and ethyl pyruvate from Aldrich Chemical Co., Milwaukee, Wisconsin, U.S.A. All other reagents were analytical grade.
RESULTS

Carboxylation in extracts
Preliminary experiments showed that carboxylating activity was proportional to extract protein up to at least 500pg. in the standard assay, and proportional to time for at least 10 min. at 25'. Using the standard assay, over 99-5 yo of the carboxylating activity was in the supernatant from the 10,ooog centrifugation, and only 0.4% or less in the pellet, in which the specific activity of carboxylation was also considerably less. These findings were true of mycelium grown either on glucose or on acetate as sole carbon source. Further experiments were therefore confined to the supernatant.
With glucose-grown mycelium as the source of enzyme, at least 96% of the acid-stable radioactivity formed in the standard assay was acidic, the remainder being in basic compounds which were not further investigated. Radioactivity in the acidic fraction was confined to a single component identified as citrate (or isocitrate) from its chromatographic mobility on paper in two different solvent systems. Traces of radioactivity (approximately 0-2 % of the total in acid-stable form) were also detected in oxaloacetate by conversion to the 2,4dini trophenylhydrazone.
Carboxylation was greatest when pyruvate plus ATP were used as substrates, as in the With extracts of mycelium harvested during the logarithmic phase of growth with either glucose or acetate as carbon source, the addition of malic dehydrogenase plus NADH did not increase carboxylation (Table I) . In such extracts, carboxylating activity was therefore not rate-limited by the accumulation of oxaloacetate, and also was not underestimated due to decomposition of this compound.
Extracts of mycelium harvested after 48 h. growth on acetate as sole carbon source consistently showed a higher specific carboxylating activity than did extracts of the parallel glucose-grown mycelium ( Table I) . The difference in specific activity ranged from I -4-fold to threefold in different experiments.
The concentrations of substrates and cofactors giving optimal carboxylating activity were determined in preliminary experiments, as was the pH of extraction and assay, which was optimal at approximately 8.1. Except for pyruvate (discussed below), the concentrations of all components of the standard assay were optimal or saturating ( Table 2) . No optimal or saturating concentration for pyruvate was found, and the concentration of 10 mM chosen for the standard assay was arbitrary. The effects of omitting single components from the standard assay, and of substituting coenzyme A for acetyl-coenzyme A, are shown in Table 3 . The requirement for K+ does not appear to be absolute. In addition, other experiments (not shown) indicate that NH4+ is at least equally effective, and so the requirement is properly for monovalent cation. There may be an absolute requirement for Mg2+ (or other divalent cation) since it is present in the buffer used for extraction and for making up the other additions. Omitting added Mg2+ does not therefore leave the assay system devoid of Mg2+. The essentially absolute requirement for pyruvate for carboxylating activity by extracts of both glucose-grown and acetate-grown mycelium shows that acetyl-coenzyme A carboxylase is not measured in the standard assay, as may also be concluded from the equivalence of coenzyme A and acetyl-coenzyme A as cofactors. The kinetics of carboxylation with respect to the concentration of pyruvate are shown in Fig. I . Below I so mM-pyruvate, Michaelis-Menten enzyme kinetics are followed, and extrapolation of the double reciprocal plot gives an apparent K , value of 0.29 mM. Above I so mM, however, carboxylation continues to increase without reaching an asymptotic value. Therefore, carboxylation is sensitive to pyruvate concentration over a wide range. In vivo experiments and mycelial levels of a-keto acids Despite the higher carboxylating activity of extracts of acetate-grown mycelium, [H1*C03]fixation in vivo at neutral pH is always greater in the glucose-grown mycelium. This is shown in Table 4 , which also confirms earlier results (Budd, 1969) . In this experiment, ammonium acetate was present during incubation with NaH 14C03, since it was previously shown (Budd, 1969) that both NH4+ and a carbon source are necessary for maximal bicarbonate fixation by this organism. Ethyl pyruvate enhances bicarbonate fixation by the acetate-grown mycelium, but not by the glucose-grown. Neither ethyl acetate nor ethanol (the latter not shown) mimics this effect. Potassium pyruvate at pH 7-0 is ineffective, perhaps because it may not penetrate the cytoplasm. These results are consistent with the determination of fixation in vivo by the availability of pyruvate in the acetate-grown mycelium. In further support of this possibility, the mycelial content of pyruvic acid in glucose-grown mycelium was found to be 0.38 pmole/Ioo mg. dry matter ( I a 0 6 mmoles/kg. cell-water), whereas in acetate-grown mycelium it was 0.047 pmole/Ioo mg. dry matter (0. I 3 mmoles/kg. cell-water). Mycelia for these determinations were grown at the same time from the same inoculum.
D I S C U S S I O N
Taken together, the substrate specificity, biotin-dependence and cofactor requirements show that fixation of bicarbonate by mycelial extracts in the standard assay is due to pyruvate carboxylase (EC 6 . 4 . I . I). The low recovery of radioactivity in oxaloacetate, which is the product of pyrwvate carboxylase, is to be expected in a crude extract (see below). Pyruvate carboxylase has also been identified in the fungi Aspergillus niger (Bloom & Johnson, 1962; Feir & Suzuki, 1969) ~ Saccharomyces cerevisiae (Ruiz-Amil, de Torrontegui, Palacian, Catalina & Losada, 1965). Penicillium camemberti (Stan & Schormuller, 1968) and Rhizopus nigricans (Overman & Romano, I 969) . In animal tissues, pyruvate carboxylase is chiefly mitochondrial; this has not been reported for the fungal enzyme. However, fungal mitochondria are extremely fragile, and if pyruvate carboxylase were loosely associated with these particles the results observed with Neocosmospora and other fungi might be expected. In this connexion, the identification of citrate as the ultimate product of pyruvate carboxylation indicates that citrate synthase (EC 4 . I .3.7) is also present in the crude supernatant: this enzyme is mitochondrial in origin. The high affinity of citrate synthase for oxaloacetate (Kosicki & Srere, 1961) would account for the low recovery of this compound in the standard assay.
Previous studies (Budd, 1969) showed that bicarbonate fixation in vivo attains a rate of 0.2 to 0.3 pmole/h./mg. dry matter in glucose-grown mycelium of Neocosmospora. Total soluble protein extracted from this mycelium after passing twice through the French pressure cell at 15,000 lb/in.2 amounts to 280 pg. proteinlmg. dry matter. The carboxylating activity of intact mycelium is therefore in the range 700 to 1000 nmoles/mg. soluble proteinlh. This may be compared to the values (Tables I to 3) of 363 to 492 nmoles/mg. proteinlh. obtained in the standard assay. Both the in vivo and the in vitro rates are minimal estimates because of the influence of adventitious bicarbonate in the cells and extracts on the specific radioactivity of the [H14C03]supplied. In view of the reported instability of pyruvate carboxylase, it is reasonable to conclude that this enzyme is responsible for most of the bicarbonate fixation by intact mycelium of Neocosmospora. The participation of other carboxylating enzymes cannot entirely be ruled out: however, their activities in the standard assay are relatively low.
In the case of acetate-grown mycelium, both ammonium and acetate were necessary for most rapid bicarbonate fixation in vivo, and rates of approximately 0.05 pmole/mg. dry matter/h. were obtained ( Table 4 ; cf. Budd, 1969) . The corresponding rate on a protein basis is approximately 350 nmoles/mg. protein/h. Comparison to the in vitro rates reported in Tables I and 3 shows that the extracted pyruvate carboxylase activity is two to three times greater than this. Therefore it is improbable that bicarbonate fixation in vivo by the acetategrown mycelium is limited by pyruvate carboxylase activity. A more likely explanation (though not shown to be the only possible one) is the low availability in acetate-grown mycelium of pyruvate. The apparent K , for this substrate in the Neocosmospora enzyme is 0.29 mM, which is similar to that reported for the Aspergillus enzyme (Feir & Suzuki, 1969) , and is in the same range as the minimum intracellular pyruvate concentrations calculated above. Fig. I also shows that the pyruvate concentration should influence the enzyme's activity far above the apparent K,, as well as in this region. A partial regulation of pyruvate carboxylase by pyruvate concentration in sheep liver has been proposed (Taylor, Nielsen & Keech, I 969) .
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